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Abstract

Two temperature-sensitive mutations in the hsdS gene, which encodes the DNA specificity subunit of the type IA restriction-modification
system EcoKI, designated Sts1 (Ser340Phe) and Sts2 (Ala204Thr) had a different impact on restriction-modification functions in vitro and in
vivo. The enzyme activities of the Sts1 mutant were temperature-sensitive in vitro and were reduced even at 30³C (permissive temperature).
Gel retardation assays revealed that the Sts1 mutant had significantly decreased DNA binding, which was temperature-sensitive. In contrast
the Sts2 mutant did not show differences from the wild-type enzyme even at 42³C. Unlike the HsdSts1 subunit, the HsdSts2 subunit was not
able to compete with the wild-type subunit in assembly of the restriction enzyme in vivo, suggesting that the Sts2 mutation affects subunit
assembly. Thus, it appears that these two mutations map two important regions in HsdS subunit responsible for DNA^protein and protein^
protein interactions, respectively. ß 2000 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

The type I restriction and modi¢cation (R-M) systems
are grouped into four families (IA, IB, IC and ID) on the
basis of gene order, amino acid conservation and enzy-
matic properties [1,2]. The restriction endonuclease EcoKI
of Escherichia coli K12 is a member of the type IA family.
It is a complex multifunctional enzyme composed of three
di¡erent subunits (HsdR, HsdM and HsdS) which are
encoded by the hsd genes. The hsdR gene is transcribed
from its own promoter (PRES), while the hsdM and hsdS
genes are transcribed from a separate promoter (PMOD)
[2]. The subunit stoichiometry of the endonuclease is

R2M2S1. The HsdS and HsdM subunits can also form an
independent DNA methyltransferase with a stoichiometry
of M2S1, which is an intermediate in assembly of the en-
donuclease [3,4]. EcoKI recognises an asymmetric bipartite
DNA sequence of AACnnnnnnGTGC, but cuts DNA at
random sites distant to the recognition sequence as a con-
sequence of ATP-dependent DNA translocation past the
enzyme, which remains bound to the recognition site [5]

DNA speci¢city of the type I R-M enzymes is deter-
mined by the HsdS subunit [6]. The HsdS polypeptide
contains two DNA target recognition domains (TRD) sep-
arated by a short region which is conserved within each
type I family. There is another conserved region at the C-
terminus of the polypeptide. Both conserved regions are
thought to be involved in protein^protein interactions with
HsdM and HsdR [7] while each TRD is responsible for
recognising one half of the asymmetric recognition se-
quence [8,9]. Structure prediction methods suggest that
all type I TRDs have a similar tertiary structure related
to that of the TRD of Hha I methyltransferase, whose
crystal structure has been determined [10].

We have investigated two point mutations in the hsdS
gene of EcoKI showing a temperature-sensitive phenotype
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in vivo [11,12]. One of the mutations (Sts1) changes serine
340 to phenylalanine and displays a rtsmts phenotype [13].
The other mutation (Sts2) changes alanine 204 to threo-
nine and shows a r3mts phenotype [11]. Sts1 is located in
the distal TRD (214^368 aa) and Sts2 lies at the junction
between the central conserved region and the distal TRD
[10]. Interestingly, when the cellular level of all three Hsd
subunits, including HsdSts1, was increased by cloning the
hsd genes into a multi-copy plasmid, under control of their
natural promoters, the bacteria showed the wild-type R-M
phenotype. However, puri¢ed mutant endonuclease
showed reduced restriction and modi¢cation activity in
vitro [14]. In this paper we have analysed the DNA bind-
ing properties of both mutants, by means of a gel retarda-
tion assay, to determine if the observed phenotypes result
from a defect in DNA binding. With the Sts1 mutant we
indeed demonstrated that the mutant endonuclease has
signi¢cantly reduced DNA binding in a temperature-sen-
sitive manner when compared to that of the wild-type
enzyme. This suggests that Ser340 of HsdS subunit may
be important for DNA binding. The Sts2 mutant did
not show signi¢cant di¡erences from the wild-type in vi-
tro. However, the in vivo subunit competition experiments
suggested that the ts2 mutation may a¡ect protein assem-
bly at the non-permissive temperature.

2. Materials and methods

2.1. Microbiological techniques

Bacterial strains and plasmids used in this work are
listed in Table 1. In vivo restriction and modi¢cation as-
says were carried out as described previously [6]. Antibi-
otics were used in the following concentrations: ampicillin,
100 mg ml31 ; chloramphenicol, 50 mg ml31.

2.2. Plasmid constructions

Plasmid pWU128 was constructed by ligating the Hin-
dIII fragment of pBg3 [15] carrying the hsdR and hsdM

genes and the proximal part of the hsdS gene into the
HindIII site of the hsdSts2 gene in a derivative of plasmid
pZH9 [11]. The HindIII site and the hsdM gene in plasmid
pZH9 were removed by EcoRI-HpaI and SalI-BamHI de-
letions respectively. The Sts2 mutation is located down-
stream of the HindIII site. Plasmid pWU20 was con-
structed by ligating the NaeI fragment of the EcoRI-
HpaI deletion derivative of pZH9, carrying the hsdSts2
gene, with the NaeI fragment of plasmid pMSk64 [16]
carrying the promoter region of lambda cI857.

2.3. Protein puri¢cation and analysis

The wild-type and mutant endonucleases were produced
at 37³C in E. coli C3-6 harbouring recombinant plasmids
pVMC3 (wild-type), pVM39 (Sts1) and pWU128 (Sts2)
respectively and puri¢ed as described previously [14]. As
judged by densitometric quanti¢cation of a SDS-PAGE of
the ¢nal preparations, both mutants showed the same ra-
tio of the subunits (HsdR, HsdM and HsdS) as the wild-
type enzyme (data not shown).

2.4. DNA cleavage and ATPase assays

Restriction activity of the wild-type and mutant endonu-
cleases was monitored as the cleavage of covalently closed
plasmid DNA to linear DNA. 25 nM pDRM-2R DNA
was pre-incubated with 50 nM enzyme in a bu¡er contain-
ing 50 mM Tris (pH 8), 25 mM NaCl, 10 mM MgCl2,
1 mM dithiothreitol (DTT) and 0.2 mM S-adenosyl-
methionine (AdoMet) for 1 min at either 30³C or 42³C.
The DNA cleavage reaction was afterwards initiated by
addition of ATP to a ¢nal concentration of 10 mM. Ali-
quots were withdrawn and analysed on agarose gel. Fol-
lowing ethidium bromide staining, gels were photographed
and photographic negatives were quanti¢ed by densitom-
etry using Image Grabber2.1 and NIH Image 1.52 software
as previously described [17]. ATPase activity was moni-
tored by measuring the concentration of inorganic phos-
phate using a colorimetric assay described previously
[17].

Table 1
Bacterial strains and plasmids

Strains Characteristics Reference

E. coli C122 prototroph, vhsd British Culture Collection Strain No. 122
E. coli C3-6 recA56 derivative of E. coli C122 [14]
E. coli C600 thr, leu, thi [22]
Plasmids
pMSk64 ApR, PR-hsdS [16]
pVM30 ApR, PR-hsdS ts1 [12]
pWU20 ApR, PR-hsdS ts2 this work
pVMC3 ApR, PRES-hsdR PMOD-hsdMS [14]
pVM39 ApR, PRES-hsdR PMOD-hsdMS ts1 [14]
pWU128 ApR, PRES-hsdR PMOD-hsdMS ts2 this work
pDRM-2R ApR, one EcoKI site [17]

The lambda PR promoter is regulated from the cI857 repressor present on the BglII fragment used for the construction of pMSk64 [16].
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2.5. Methylation assay

DNA methylation activity was assayed by measuring
incorporation of tritiated methyl groups from [3H]AdoMet
to DNA. Hemimethylated DNA of the plasmid pDRM-
2R was used as the DNA substrate, prepared by mixing
equimolar amounts of in vivo EcoKI-modi¢ed (from E.
coli C600) and unmodi¢ed (from E. coli C122) forms of
the linearised plasmid as described [14]. Typically, 20 nM
DNA was incubated with 40 nM enzyme in the same
bu¡er as used in the DNA cleavage assay. The
[3H]AdoMet (Amersham) was present at a concentration
of 1 WM.

2.6. Gel retardation assay

Complementary 30-mer oligonucleotides containing one
EcoKI recognition site used in the assay were purchased
HPLC-puri¢ed from Cruachem (top strand: 5P-d-CCGA-
ATTCAACCCCGGGGTGCAAGCTTGCC-3P).

The oligonucleotides were annealed and the duplex was

labelled at the 5P end using [Q-32P]ATP and T4 polynucleo-
tide kinase. DNA binding reactions were performed in a
volume of 10 Wl in the presence of a bu¡er consisting of
50 mM Tris (pH 8.0), 25 mM NaCl, 10 mM MgCl2 and
1 mM DTT and 10% (v/v) glycerol. 1 nM end-labelled
DNA duplexes were incubated with the wild-type and mu-
tant endonucleases over a range of concentrations at either
30³C or 42³C for 5 min. Unbound and bound DNA were
separated on a 5% polyacrylamide non-denaturing TAE
gel at 4³C at 100 V. After electrophoresis, gels were dried
and subjected to autoradiography.

3. Results and discussion

3.1. DNA cleavage and ATPase activities

As a DNA substrate for assaying the in vitro restriction
activities of the mutants plasmid pDRM-2R DNA was
used [17]. This plasmid contains one recognition site for
EcoKI. Fig. 1A compares the rate of DNA cleavage activ-

Fig. 1. Restriction and ATPase activities of the mutant EcoKI endonucleases. Restriction activity was monitored as a conversion of covalently closed
DNA of plasmid pDRM-2R to linear DNA. 25 nM DNA was incubated with 50 nM enzyme at either 30³C or 42³C under conditions described in Sec-
tion 2. Graphs in A are plots of relative concentration of linear DNA against time for incubations at 30³C and 42³C, respectively. ATPase activity was
determined by measuring the concentration of inorganic phosphate (Pi) released by ATP hydrolysis. Graphs in B show a time course of ATPase activity
of the wild-type and mutant enzymes at 30³C and 42³C, respectively. For all graphs, squares represent the wild-type, circles Sts1 and triangles Sts2 en-
zymes.
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ities of the two mutants with the wild-type enzyme at 30³C
and 42³C, respectively. Restriction activities of both mu-
tants were found to be temperature-sensitive. However,
the reduction in the restriction activity at 42³C was
much more signi¢cant in the case of the Sts1 mutant
than in the case of the Sts2 mutant. The Sts1 mutant
had reduced restriction activity even at 30³C while restric-
tion activity of Sts2 mutant at 30³C is the same as that of
the wild-type enzyme.

ATPase activity was assayed in the same reaction ali-
quots that were used to measure the restriction activity. As
can be seen in Fig. 1B, ATPase activity of the Sts1 mutant
was temperature-sensitive and was reduced even at 30³C in
comparison to the wild-type. ATPase activity of the Sts2
mutant did not show signi¢cant di¡erences from the wild-
type enzyme at either temperature.

3.2. In vitro DNA methylation

DNA methylation activity was measured as a transfer of
tritiated methyl groups from [3H]AdoMet to a hemimeth-
ylated pDRM-2R DNA. Kinetics of the methylation reac-
tion at 30³C with 40 nM wild-type enzyme and the mu-
tants is shown in Fig. 2A. As we observed previously [14],
methylation activity of the Sts1 mutant was completely
abolished under these conditions. The Sts2 mutant showed
a slight reduction in methylation activity at 30³C. How-
ever, when the concentration of Sts1 in the reaction mix-
ture was increased, a methylation activity was detected
(Fig. 2B), which correlates with its modi¢cation activity
detected in vivo [14]. Incubation at 42³C further reduced
methylation activity of Sts1 while it did not have a signi¢-
cant e¡ect on Sts2 (data not shown).

3.3. DNA binding

DNA binding of the wild-type and mutant enzymes was
measured by gel retardation assays using a 32P-radiola-
beled 30-mer synthetic oligoduplex containing one EcoKI
recognition site. An example of binding of the endonu-
cleases to 1 nM oligoduplex DNA at various protein con-
centrations is shown in Fig. 3. The incubations were per-
formed either at 30³C or at 42³C. Gel retardation assays
revealed that the DNA binding of Sts1 was reduced at
30³C in comparison with the wild-type enzyme. The di¡er-
ence between wild-type and Sts1 mutant in DNA binding
was even more signi¢cant at 42³C. The Sts2 mutant did
not show any di¡erence from wild-type at 30³C and only a
small decrease in DNA binding at 42³C was observed.
Since DNA binding is the ¢rst step in the enzyme reaction
mechanism, the altered DNA binding properties of Sts1
are presumably the cause of the defect in restriction and
modi¢cation activity of this mutant observed in vivo and
in vitro. It should be noted that the extra DNA-protein
complex appearing at low protein concentrations (Fig. 3)
re£ects dissociation of the R2M2S1 endonuclease complex

to the R1M2S1 species and free HsdR subunit [18]. In
addition, the faint band at the top of the gel at high
protein concentrations may correspond to a higher molec-
ular mass species, or non-speci¢c binding. Thus the re-
duced DNA binding of the Sts1 mutant suggests that ser-
ine 340 of HsdS is important for DNA binding,
correlating with its location within the distal TRD.

3.4. Competition between mutant and wild-type HsdS
subunits in enzyme assembly in vivo

It was shown that over-production of HsdSts1 subunit
in cells expressing the wild-type EcoKI R-M system abol-
ished restriction and modi¢cation at the non-permissive
temperature, indicating the trans-dominant nature of the
Sts1 mutation [13]. The expression of dominance is found
when the activity of multi-subunit complex is `poisoned'
by incorporation of a defective subunit [19]. One can con-

Fig. 2. In vitro DNA methylation by the mutant EcoKI endonucleases.
The methylase activity was assayed by measuring of incorporation of
tritiated methyl groups from [3H]AdoMet to hemimethylated DNA as
described in Section 2. The graph in A is a time course of methylation
of 20 nM heteroduplex pDRM-2R DNA with 40 nM wild-type and mu-
tant endonucleases at 30³C. The graph in B shows the in£uence of en-
zyme concentration on methylase activity of Sts1 endonuclease with 10
nM heteroduplex pDRM-2R DNA.
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clude from these data that the Sts1 mutation a¡ects DNA
binding of HsdS rather than protein^protein interactions
with the other subunits. This was con¢rmed by in vitro
analysis of DNA binding of the mutant enzyme described
above (Fig. 3).

The puri¢ed Sts2 endonuclease did not show signi¢cant
di¡erences from the wild-type enzyme (Figs. 1^3),
although the cells expressing the mutant R-M system dis-
played a r3mts phenotype [11]. To investigate the possibil-
ity that the Sts2 mutation a¡ects subunit assembly at the
non-permissive temperature and thus abolishes the enzyme
activity in vivo, we performed the same subunit competi-
tion assay as used with the Sts1 mutant. As seen in Fig. 4,
over-production of HsdSts2 subunit from lambda PR in E.

coli C600 (r�m�) had no e¡ect on restriction activity at
42³C, unlike the observation of a trans-dominant e¡ect
with the Sts1 mutation. The negative trans-dominance is
consistent with either a fully functional HsdS subunit, or a
subunit incapable of protein^protein interaction [20]. Since
the Sts2 mutation displays a ts phenotype under natural
condition (chromosomal location of all hsd genes [11]) we
favour the second alternative. We suggest that the mutant
subunit is altered in its ability to make protein-protein
interactions at the non-permissive temperature, which is
in agreement with a previous proposal that the mutant
methylase is unstable [11]. Moreover, we have recently
shown that the equilibrium between the methylase (stoi-
chiometry M2S1) and the M and M1S1 sub-assembly com-

Fig. 3. Binding of the wild-type and mutant endonucleases to 30-mer DNA oligoduplex containing one EcoKI recognition site analysed by gel retarda-
tion assay. 1 nM 32P-labelled DNA was incubated with increasing protein concentrations for 5 min at either 30³C or 42³C. In both cases, the protein
was ¢rst pre-incubated without DNA for 1 min at the appropriate temperature. After the incubations the mixtures were immediately placed on ice as
recommended in [23] and subsequently analysed on a native 5% TAE polyacrylamide gel as described in Section 2. Protein concentration and incuba-
tion temperatures are indicated.
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ponents is shifted in favour of the partially assembled
form in a temperature-dependent manner (unpublished re-
sults, D. Dryden, K. Firman, V. Zinkevich, and B. Hus-
sey; for further discussion see [3]), con¢rming our conclu-
sion that the Sts2 mutation a¡ects subunit assembly at the
non-permissive temperature.

The Sts2 mutation, Ala204Thr, is located at the junction
between the central conserved domain and TRD2 [10]. A
similar location has been described for a non-classical mu-
tation of the EcoR124I R-M system [21]. This mutant also
appears to be altered in the subunit assembly pathway,
indicating that this region of the HsdS subunit may be
critically important for protein^protein interactions.
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Fig. 4. Subunit competition assay showing e¡ect of over-production of
HsdSts1 and HsdSts2 subunits from the lambda PR promoter on re-
striction activity of E. coli C600 expressing the wild-type EcoKI R-M
system from chromosomal hsd locus. Restriction activity is expressed as
(3log) of e¤ciency of plating (e.o.p.) of bacteriophage lambda. White
bars restriction at 30³C, black bars restriction at 42³C. Lane 1, control
without plasmid; lane 2, HsdSts1 subunit over-produced from pVM30;
lane 3, HsdSts2 from pWU20 and lane 4, wild-type HsdS from
pMSk64.
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